Introduction: Selecting individuals on the basis of modelpredicted risks has been reported to improve lung cancer screening efficiency. On the basis of case-control studies, time to first cigarette (TTFC), a nicotine dependency measurement, has been a strong independent predictor of lung cancer risk. Our objective was to verify the TTFC-lung cancer association in the prospective National Lung Screening Trial and evaluate whether adding TTFC can improve lung cancer risk-prediction models.
Introduction
Three rounds of annual lung cancer screening by lowdose computed tomography (CT) reduced lung cancer death by 20% in the National Lung Screening Trial (NLST). 1 However, given the cost and potential harm of screening 1 and the fact that there are 94 million current and former smokers in the United States 2 who might benefit from screening, deciding which smokers to target for low-dose CT screening remains an important public health challenge. Annual screening is recommended by the U.S. Preventive Services Task Force for a high-risk subgroup: current and former smokers ages 55 to 80 years with at least 30 pack-years of smoking and no *Corresponding author.
Disclosure: The authors declare no conflict of interest. more than 15 years since quitting. 3 However, selecting smokers on the basis of individualized risk models might lead to more effective and efficient screening. 4 In particular, risk-based selection that screens the same number of smokers as under U.S. Preventive Services Task Force recommendations (9 million) might prevent 20% more lung cancer deaths than the current recommendations. 5 This risk prediction model was established in the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial and validated in the NLST and the National Health Interview Survey, which examines a representative population in the United States. 5 This model, however, did not include an important nicotine dependence measurement, namely, time to first cigarette (TTFC) in the morning. TTFC strongly predicts smoking cessation success 6 and has been independently and strongly associated with lung cancer risk on the basis of case-control studies. [7] [8] [9] Smokers with a TTFC less than 5 minutes had an up to 3.5-fold higher risk for lung cancer than smokers with a TTFC of 60 minutes or more after adjustment for other smoking measurements and other risk factors. 9 Because TTFC is easily elicited at very low cost and with no harm, it is particularly attractive to include TTFC in risk models for lung cancer screening.
In this study, we used prospective data of the NLST to verify the independent association between TTFC and lung cancer risk after accounting for all lung cancer risk factors. We also evaluated whether including TTFC in the established lung cancer risk prediction model 5 may further improve risk-based selection for screening and thus modify populations chosen for screening.
Materials and Methods

Study Population
The NLST 10 was a multicenter randomized screening trial comparing low-dose helical CT with chest radiography in heavy smokers aged 55 to 74, with a minimum of 30 pack-years of smoking and no more than 15 years since quitting. In 2002, 53,452 participants from 33 centers in the United States were recruited and randomly assigned to either low-dose CT or chest radiography. 1 Screenings were offered three times annually. After the participants underwent randomization, they completed a questionnaire at baseline that covered many topics, including demographic characteristics and smoking behavior. 1 TTFC was assessed by the question "How soon after you woke up in the morning did you smoke your first cigarette?" Participants were followed for lung cancer mortality, disease incidence, and other secondary end points.
The NLST was a collaborative effort of centers from the Lung Screening Study administered by the National Cancer Institute and the centers from the American College of Radiology Imaging Network (ACRIN). TTFC was reported by 18,729 participants (9365 in the CT arm and 9364 in the radiography arm) who were enrolled in the ACRIN centers. Our data set used followup data through January 15, 2009, which was the official NLST event cutoff date (end point verification continued through December 31, 2009 11 ). The NLST was approved by the institutional review board at each of the 33 participating medical institutions.
Statistical Analyses
Using Cox proportional hazard models, we calculated hazard ratios (HRs) between TTFC category (5, 6-14, 15-29, 30-59, and 60 minutes) and lung cancer incidence and death in the ACRIN participants. The followup time for each participant was calculated from randomization to the earliest time of the official end of follow-up, loss to follow-up, death, or diagnosis of (or death due to) lung cancer (depending on whether the analyses was for lung cancer incidence or lung cancer death). We adjusted for the same covariates as previously included in lung cancer risk prediction models 5 plus the screening group (radiography or CT). For the lung cancer incidence model, these previously used covariates and parameterizations were as follows: age (log-transformed), sex, race/ethnicity (non-Hispanic black, non-Hispanic white, Hispanic, or other), education (continuous; <12th grade, completed high school, posthigh school education but no college associate's degree, bachelor's degree, or graduate school), family history of lung cancer (0, 1, or 2 first-degree relatives with lung cancer), emphysema, body mass index (logtransformed), an indicator variable for being underweight (body mass index <18.5), cigarettes per day (20 versus >20), smoking duration (continuous), packyears (<30, 30-39, 40-49, or 50), and years since quitting (log-transform of number of years quit plus 1). The same covariate parameterizations were used for the lung cancer mortality model, with the exception that smoking duration was log-transformed. The association analyses of TTFC and lung cancer incidence was also conducted in current smokers and former smokers separately to assess whether the association could be explained by smoking cessation during the follow-up.
The predicted cumulative risks for lung cancer incidence and death were obtained from the fitted Cox models (as already described) by using the methods described by Breslow (1972) . 12 The cumulative risk for each TTFC category was obtained by standardizing for other risk factors. To avoid potential bias that might be introduced as a result of the CT screening benefit, we presented the cumulative risks for the chest radiography arm only (Fig 1) .
To evaluate whether including TTFC in risk models could improve risk-based selection for screening, we fit two Cox models for lung cancer incidence with the same previously adjusted covariates, one without TTFC and one with TTFC, in the full study population. We calculated the 5-year lung cancer incidence by both models and dichotomized on the basis of the example risk thresholds of 1% and 2% (similar to previously considered thresholds for screening 5, 13 ). We calculated fractions of participants with a lung cancer diagnosis (death) who would be assigned to the screening group (i.e., their 5-year lung cancer risk reached or exceeded each risk threshold) and the fractions of those without lung cancer diagnosis (or death) who would be assigned to the no-screening group (i.e., their lung cancer risk was below each risk threshold). We then compared the changes in these two fractions, between models without and with TTFC.
14 To avoid potential bias due to the CT beneficial effect, the fraction calculation was based on the population of the chest radiography arm.
We calculated the area under the receiving operator curve (AUC) by using the AUC-based concordance index for right-censored survival data. Differences between correlated AUC values were estimated by using the methods of Kang et al. 15 
Results
The baseline characteristics of our study population are in Table 1 . Compared with smokers with a TTFC of 60 minutes or more, smokers with a shorter TTFC had a higher lung cancer incidence and rate of death after adjustment for all risk factors. For TTFC values of 30 to 59, 15 to 29, 6 to 14, and 5 or fewer minutes, the HRs and 95% confidence intervals (CIs) for incidence were 1.70 (1.19-2.41), 1.73 (1.23-2.44), 2.05 (1.48-2.85), and 2.19 (1.59-3.02), respectively (p trend < 0.001), and the respective HRs (95% CIs) for lung cancer death were 2.10 (1.11-3.97), 1.92 (1.03-3.60), 2.58 (1.43-4.68), and 2.78 (1.55-4.99) (p trend < 0.001) ( Table 2 ). In subgroup analyses, the association of TTFC and lung cancer Table 2 ): screening group (radiography or CT), age (log-transformed), sex, race/ethnicity (non-Hispanic black, non-Hispanic white, Hispanic, or other), education (<12th grade, completed high school, post-high school education but no college associate degree, bachelor's degree, or graduate school), family history of lung cancer (0, 1, or 2 first-degree relatives with lung cancer), emphysema, body mass index (log-transformed), an indicator variable for being underweight (body mass index <18.5), cigarettes per day (20 versus >20), smoking duration (continuous for the incidence model and log-transformed for the mortality model), pack-years (<30, 30-39, 40-49, or 50), and years since quitting (log-transform of number of years quit plus 1).Here we present the lung cancer risk estimates in the radiography arm only to avoid potential bias that may be induced by CT screening.
incidence remained in both current smokers and former smokers; no statistically significant difference was observed for the associations in these two groups (see Table 2 ).
In the radiography group, lung cancer incidence and death rates (standardized for all other risk factors) were substantially lower among smokers with a TTFC of 60 minutes or longer (see Fig. 1 ). The 5-year lung cancer incidence risks (95% CI) for smokers with TTFC values of 60 or more, 30 to 59, 15 to 29, 6 to 14, and 5 or fewer minutes were 1.54% (1.52%-1.56%), 2.84% (2.81%-2.88%), 3.14% (3.11%-3.17%), 3.82% (3.79%-3.85%), and 4.07% (4.04%-4.09%), respectively (p trend < 0.001) (see Fig. 1A ). The 5-year lung cancer death risks (95% CI) for smokers with TTFC values of 60 or more, 30 to 59, 15 to 29, 6 to 14, and 5 or fewer minutes were 0.59% (0.57%-0.61%), 1.44% (1.41%-1.47%), 1.48% (1.45%-1.51%), 2.08% (2.05%-2.11%), and 2.26% (2.23%-2.28%), respectively (p trend < 0.001) (see Fig. 1B) . Tables 3 and 4 show how adding TTFC to the lung cancer risk prediction model may influence screening (Table 4) . Table 5 shows that adding TTFC improves the AUC significantly for the lung cancer incidence model (AUC difference ¼ 0.0079, 95% CI: 0.0019-0.0138, p ¼ 0.0085), whereas the AUC improvement for the lung cancer death model was not statistically significant (AUC difference ¼ 0.0065, 95% CI: -0.0025 to 0.0154, p ¼ 0.16).
Discussion
With use of the prospective NLST data, this study shows that smokers with a TTFC of 60 minutes or more had much lower lung cancer risk than those with a shorter TTFC after comprehensive adjustment of other Note: Lung cancer incidence models were fitted in the full study population (N ¼ 18,729) using Cox proportional hazard regression, adjusting for age (logtransformed), sex, race/ethnicity (non-Hispanic black, non-Hispanic white, Hispanic, or other), education (continuous; <12the grade, complete high school, post-high school education but no college associate degree, bachelor's degree, or graduate school), family history of lung cancer (0, 1, or 2 first-degree relatives with lung cancer), emphysema, body mass index (log-transformed), an indicator variable for being underweight body mass index <18.5), cigarettes per day (20 versus >20), smoking duration (continuous), pack-years (<30, 30-39, 40-49, or 50), and years since quitting (log-transform of number of years quit plus 1)) and screening arm (computed tomography or radiography). Model fitting was based on the 18,729 members of the National Lung Screening Trial-American College of Radiology Imaging Network population, whereas risk estimation and percentage calculation were in the radiography arm only (n ¼ 9364) to avoid potential bias that might be introduced because of the beneficial effect of computed tomography. Model parameterization was the same as the one published previously (Katki et al. 5 ) while also adjusting for the screening arm. a These people would be assigned to the screening group. b These people would be assigned to the no-screening group. Differences in sensitivity and specificity by adding TTFC in the model were compared by using a test for paired data (Leisenring et al. 14 ) . TTFC, time to first cigarette. lung cancer risk factors; this further confirmed that TTFC is an important independent predictor of lung cancer risk. Including TTFC in lung cancer risk models improves the AUC of the lung cancer incidence prediction model significantly. Adding TTFC would assign more people without lung cancer (diagnosis or death) to the no-screening group but would not significantly influence the assignment of those with lung cancer to the screening group. These findings suggest that incorporating TTFC into risk prediction models might better identify the heavy ever-smokers likely to experience less benefit from CT lung screening.
Higher lung cancer risk in people with a shorter TTFC has been reported in case-control studies from the United States, Italy, and Japan 7-9 and also from a small subset of Prostate, Lung, Colorectal, and Ovarian cohort. 9 Our prospective study in the NLST, at both relative and absolute risk scales, further confirmed the importance of TTFC in prediction of lung cancer risk beyond traditional smoking measurements. The totality of the published evidence suggests that TTFC is an important component of smoking history, adding additional information in prediction of lung cancer risk. Because TTFC can be collected with a single convenient question, we propose that TTFC be collected together with other smoking information.
Targeting a subset of heavy smokers with higher lung cancer risks on the basis of a multivariable model has been reported to improve screening efficiency. 5 Our study suggests additional benefit of adding TTFC to the multivariable risk prediction model 5 on screening assignment. The AUCs of the risk prediction model were Note: Lung cancer incidence models were fitted in the full study population (N ¼ 18,729), using Cox proportional hazard regression, adjusting for age (logtransformed), sex, race/ethnicity (non-Hispanic black, non-Hispanic white, Hispanic, or other), education (continuous; <12th grade, completed high school, post-high school education but no college associate degree, bachelor's degree, or graduate school), family history of lung cancer (0, 1, or 2 first-degree relatives with lung cancer), emphysema, body mass index (log-transformed), an indicator variable for being underweight (body mass index <18.5), cigarettes per day (20 versus >20), smoking duration (continuous), pack-years (<30, 30-39, 40-49, or 50), and years since quitting (log-transform of number of years quit plus 1)), and screening arm (computed tomography or radiography). Model fitting was based on the 18,729 members of the National Lung Screening Trial-American College of Radiology Imaging Network population, whereas risk estimation and percentage calculation were in the radiography arm only (n ¼ 9364), to avoid potential bias that might be introduced because of the beneficial effect of computed tomography. We used the same model parameterization as previously published (Katki et al. 5 ) while also adjusting for screening arm. a These people would be assigned to the screening group. These people would be assigned to the no-screening group. Differences in sensitivity and specificity by adding TTFC in the model were compared by using a test for paired data (Leisenring et al. 14 ) . TTFC, time to first cigarette. 
We used the same model parameterization as previously published (Katki et al. 5 ) while also adjusting for screening arm. AUCs were estimated using the same data set. a For individual models, the hypothesis tested whether the AUC is different from 0.5 (two-sided test); for difference in AUC, the hypothesis tested whether AUC is different when TTFC is added (two-sided test) (Kang et al. 15 ). AUC, area under the receiver operating curve; NLST-ACRIN, National Lung Screening Trial-American College of Radiology Imaging Network; LCL, lower 95% confidence limit; UCL, upper 95% confidence limit; TTFC, time to first cigarette.
improved by adding TTFC; 180 and 155 more smokers (over 8994) without a lung cancer diagnosis would be assigned to the no-screening group at the 1% and 2% screening thresholds, avoiding unnecessary CT screening and the potential consequences associated with a falsepositive screening test result and the subsequent follow-up. From a public health perspective, in relative terms the percentages who benefited from adding TTFC are small (2.00% and 1.72%), but the absolute number of persons in the potential U.S. screening population of 9 million who might benefit cannot be ignored. Furthermore, TTFC is collectable with a single question, without harm, and with very low cost.
The lower lung cancer risk among smokers with longer TTFCs is consistent with the evidence that longer TTFC was associated with lower blood levels of 4-methylnitrosamino-1-3-pyridyl-1-butanol, a tobaccospecific carcinogen, after adjustment for cigarettes per day and other potential confounders. 16 This could be partly due to less adapted smoking behaviors, such as a less deep smoking inhalation, among smokers with a longer versus shorter TTFC. 9 Alternatively, differences in TTFC could also reflect genetically mediated differences in the pharmacodynamics and pharmacokinetics of metabolism of tobacco smoke, 17 which in turn influence tobacco toxicity and lung cancer risk. For example, cytochrome P450 family 2 subfamily A member 6, a primary enzyme to convert nicotine to biologically inactive cotinine, is also involved in metabolic activation of 4-(methyl-nitrosamino)-1-(3-pyridyl)-1-butanone, a major tobacco specific procarcinogen for lung tissue. 18 This association is also in line with the substantial benefit of smoking cessation (indicated by years since quitting at baseline) on lung cancer mortality reduction in NLST. 19 Given that TTFC is a strong predictor for success of smoking cessation, 6 the association of TTFC and lung cancer could be mediated through smoking cessation during the process of screening. However, the association remained when we conducted the analyses in former smokers, suggesting that mechanisms other than subsequent smoking abstinence, as already discussed, are likely. Because the significance of TTFC on smoking cessation success and the substantial benefit of smoking cessation on lung cancer prevention, a mediation analysis will be worthwhile to understand the extent to which the association may be contributed by the success of subsequent smoking cessation. The utility of this item in smoking cessation at the screening setting is an interesting topic worthwhile for an evaluation. This is the first study directly evaluating the potential benefit of using TTFC information in lung cancer screening. NLST is well suited for this goal, as it is a welldesigned prospective screening trial that avoided recall and selection bias and comprehensively assessed smoking and other lung cancer risk factors.
Our study has limitations. We calculated absolute lung cancer risk in the radiography screening arm. Although radiography screening does not affect lung cancer incidence or mortality, 20 further studies in a noscreening population would be ideal to build a model used for risk prediction. The accuracy of screening assignment analyses was sensitive to risk threshold. We chose the 1% and 2% risk thresholds, covering the recommended screening thresholds. 5, 13 However, if the screening threshold is increased beyond 2%, reevaluation of screening assignment is needed. Furthermore, this model would require validation in independent data sets before clinical implementation. Finally, the NLST was restricted to heavy smokers, and thus generalizing our findings to lighter smokers is a topic for future investigation.
In conclusion, TTFC is an important independent lung cancer risk predictor, capturing valuable information beyond traditional smoking measurements. Including TTFC, which can be assessed with a noninvasive question, in risk models might better identify smokers at lower risk and therefore could be a safe, convenient tool to improve identification of those who benefit less from lung cancer screening.
